The exbB, exbD and tonB genes of the Pasteurella multocida animal pathogen have been cloned by complementation of an Escherichia coli tonB mutant. Despite these three genes being physically linked, RT-PCR analysis, lacZ transcriptional fusions and construction of insertional mutants have demonstrated that they do not constitute an operon, but rather are transcribed independently from each other. Furthermore, expression of these three genes is under iron control as revealed by lacZ fusions and Fur titration assay analysis. Moreover, each of these three genes is necessary for the virulence of P. multocida cells and all of them contribute equally to the infectious process of this microorganism. ß
Introduction
Bacterial cells display several mechanisms for iron uptake. Some species (Escherichia coli and Salmonella typhimurium, among others) synthesise small molecules, called siderophores, which are secreted outside cells and are able to chelate iron present in the environment [1] . Other bacteria present outer membrane proteins which act as speci¢c receptors for the iron-binding host molecules such as haem, haemoglobin, transferrin or lactoferrin [1] . Transport of the iron into the bacterial cell by any of these higha⁄nity systems requires the product of the tonB gene, which links both cytoplasmic and outer membranes thus enabling the transfer of energy necessary for this process [2] . The ExbB and ExbD proteins, which are in the inner membrane stabilising the TonB protein, are also needed [3] . A conserved region present in these receptors, known as the TonB box, is responsible for the interaction between them and the TonB protein [1] . Binding of the iron-loaded molecules (siderophore, transferrin, etc.) to the outer membrane receptor induces a conformational change in it which enables the iron to pass through the TonB pore [1] .
Genetic organisation of exbB, exbD and tonB genes is not conserved in all bacteria. In E. coli, exbB and exbD are linked, but not with tonB [1] , whereas in Haemophilus in£uenzae all three genes are linked [4] . Some bacteria present two linked exbB exbD tonB systems which are physically separated from each other [5] . Usually, and because of their proximity and sometimes their overlapping arrangement, it has been assumed that in bacteria presenting a linked exbB exbD tonB system, these genes are transcribed as an operon giving rise to a single polycistronic mRNA [6^8] . Nevertheless, this fact has only been clearly demonstrated in Vibrio cholerae [5] . In other bacteria, sequencing evidence suggests the possibility that more than one promoter is present in exbB exbD tonB linked systems [9, 10] although this possibility has not been con¢rmed so far. Few data exist about the role of the tonB system in bacterial pathogenesis. S. typhimurium tonB mutants are attenuated when they are intragastrically inoculated, but 0378-1097 / 02 / $22.00 ß 2002 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved. PII: S 0 3 7 8 -1 0 9 7 ( 0 2 ) 0 0 6 2 6 -2 not when intraperitoneally injected [11] . Moreover, a tonB mutation reduces virulence in H. in£uenzae [4] , Bordetella pertussis [7] and Pseudomonas aeruginosa [12] . Likewise, a wild-type tonB gene is required for intracellular growth and the intercellular spread of Shigella dysenteriae [13] .
Pasteurella multocida is a Gram-negative bacterium causing infectious diseases in both mammals and birds, occasioning very great economic loss. Despite the importance of iron metabolism in the virulence of bacterial pathogens, little is known about this subject in P. multocida. For this reason, and to further characterise the P. multocida mechanisms of iron uptake, the exbB, exbD and tonB genes of this organism have been cloned and their expression patterns, as well as their role in virulence, have been studied.
Materials and methods

Bacterial strains and growth conditions
Bacteria used are listed in Table 1 . E. coli strains were grown in either Luria^Bertani (LB) or Davis minimal medium [14] . P. multocida cultures were performed on either brain^heart infusion (BHI) or minimal [15] liquid medium and sheep blood agar (SBA) plates. Antibiotic concentrations were as described [16] . In the Fur titration assay (FURTA), 1 mM FeSO 4 supplemented Lac EMBO agar plates [17] were used. For quantitative analysis of FURTA experiments, cells grown in these plates were collected, resuspended in LB medium and their L-galactosidase activities measured as reported [18] .
DNA and RNA techniques
DNA methodology and sequence computer analyses were as described [16] . The entire nucleotide sequence of P. multocida exbB, exbD and tonB genes was determined for both DNA strands by the dideoxy method on an ALF Sequencer (Pharmacia Biotech), and it appears in the GenBank under accession No. AF468825. Oligonucleotide primers used are listed in Table 1 . Total cellular RNA extraction and reverse transcriptase (RT)-PCR analysis were as reported [18] .
Genetic methods and virulence assays
P. multocida mutants were obtained by insertional mutagenesis following the strategy previously described [16] . Brie£y, an internal fragment of the gene to be inactivated was inserted into the pUA826 suicide plasmid, which is unable to replicate in host strains lacking the R6K-speci¢ed product of the pir gene. Afterwards, pUA826 derivatives harbouring these internal P. multocida gene fragments were introduced by triparental mating into P. multocida wild-type cells and ampicillin-resistant exconjugants were selected. The presence of the desired mutation in these clones was con¢rmed by PCR analysis (Table 1) . To obtain exbB^, exbD^and tonB^lacZ fusions, DNA fragments containing the upstream region, as well as an encoding portion of the desired gene, were isolated by PCR ampli¢cation with primers indicated in Table 1 . These fragments were directionally inserted upstream from the lacZ gene of the pHRP309 promoter probe vector, which had been previously digested with XbaI and BamHI. Since pHRP309 is stable in P. multocida cells, their derivatives carrying lacZ fusions were introduced into this organism by triparental mating.
Female swiss mice (3^8 weeks old), obtained from Harlan Iberica Inc. (Barcelona, Spain) and housed under speci¢c pathogen-free conditions, were used for virulence studies. The 50% lethal dose (LD 50 ) was determined in triplicate as reported earlier [16] . Basically, groups of three mice were intraperitoneally injected with 0.1 ml of serial 10-fold dilutions of bacteria in bu¡ered peptone water (BPW). The number of surviving animals at 24 h, 48 h and 72 h post inoculation was recorded and the value of the LD 50 was calculated as described [19] . Stability of either exbB, exbD or tonB mutations in vivo was analysed in recovered cells from the heart of the dead animals. Heart samples were homogenised in 1 ml of BPW, and 0.1 ml of diluted homogenate was plated on SBA plates. Following this, the presence of each of the mutations was tested in 100 recovered colonies by both PCR analysis and replica plating on SBA plates in the presence and absence of ampicillin (50 mg l 31 ).
Results and discussion
Cloning and sequencing of the P. multocida exbB exbD tonB system
To isolate P. multocida exbB exbD tonB genes, a previously described pUA520-P. multocida library [16] was introduced into E. coli RK5048, and colonies grown on Davis minimal medium supplemented with vitamin B12 and kanamycin were selected. E. coli RK5048 is a metE tonB double mutant which is unable to grow in the presence of vitamin B12 and the absence of methionine unless a functional tonB gene is present [20] . Plasmid DNA isolated from these exconjugants exhibited a common 5-kb size DNA fragment which, by itself, was able to restore growth of RK5048 in the presence of vitamin B12 when retransformed.
Subcloning and sequencing of the fragment contained in one of these exconjugants pointed out the presence of three open reading frames whose deduced products showed the highest identity (about 80%) with those of H. in£uenzae and Haemophilus ducreyi exbB, exbD and tonB genes. The predicted P. multocida ExbB, ExbD and TonB proteins are 152, 129 and 256 amino acids in size, respectively. Functional and characteristic residues of all bacterial ExbB, ExbD and TonB proteins [1] are perfectly conserved in those of P. multocida. The putative P. multocida exbD ATG starting codon is located 9 bp downstream from the exbB TAG stop codon, whereas the putative tonB starting codon overlaps the exbD TGA stop codon (Fig. 1A) . Downstream from the P. multocida tonB gene, a putative transcriptional terminator was detected as an inverted repeat of 10 bp separated by one nucleotide and followed by a run of AT base pairs. The genetic organisation of the P. multocida exbB exbD tonB region is the same as that found in other members of Pasteurellaceae, such as H. in£uenzae [4] , H. ducreyi [6] and Mannheimia haemolytica [21] .
Transcriptional organisation of the P. multocida exbB exbD and tonB cluster
Reverse transcriptase was used to generate cDNA from total RNA isolated from P. multocida wild-type cells by PCR with six pairs of primers (Table 1) . These primers were designated such that the ExbBup^TonBrp primer pair would amplify a PCR product of 1.4 kb if the exbB exbD tonB transcript was polycistronic (Fig. 1A) . Fig. 1B shows how PCR products were only obtained when internal primers for each gene were used. Single exbB, exbD and tonB transcripts were detected (Fig. 1B, lanes 2, 5 and  8 ), but neither exbB^exbD, exbD^tonB nor exbB^exbDt onB transcripts were present (Fig. 1B, lanes 11, 14 and 17). This lack of bands could be attributed to an excessive cleavage during extraction of a hypothetical mRNA containing a single exbB^exbD^tonB transcript. Nevertheless, this possibility must be discarded because, and as expected [16] , a 1-kb size band was obtained when a pair of primers, beginning, respectively, at the translational starting and stop codons of the P. multocida recA gene, was used in RT-PCR experiments (data not shown). This indicates that the physical integrity of the mRNA molecules was preserved in the P. multocida RNA extraction. All primer pairs ampli¢ed a DNA fragment of the correct size when genomic DNA template was used as a control (Fig. 1B,  lanes 12, 15 and 18) , discarding any hypothetical malfunctioning of primer sets. The starting point of the exbD transcript must be between nucleotides 3245 and 3127, with respect to its translational starting point, since RT-PCR experiments carried out with the upper primer ExbD-127, beginning in the 3127 position, and the lower primer ExbDrp (Table 1) give an ampli¢cation product, whereas those performed with the upper primer ExbD-245, beginning at the 3245 position, and the same lower primer do not yield any ampli¢cation fragment (data not shown). Moreover, no ampli¢cation product was obtained when the upper primer TonB-73, beginning at nucleotide 373, with respect to the translational starting point of the tonB gene, and the lower primer TonBrp (Table 1) were used in RT-PCR analysis, indicating that the transcriptional starting point of this gene must be found downstream from this position (data not shown).
The above data suggest that P. multocida exbB, exbD and tonB genes are independently transcribed from each other. To corroborate this point, pHRP309 plasmid derivatives containing either exbB-, exbD-or tonB-transcriptional lacZ fusions (Fig. 2) were introduced into P. multocida cells to analyse the presence of a promoter upstream of each of these genes. Results obtained indicate that, in agreement with PCR analysis, in all cases there was transcriptional activity (Fig. 2) . Furthermore, expression of these fusions was increased (Fig. 2 ) after the addition of the 2,2P-dipyridyl (DPD) chelating agent, con¢rming that transcription of P. multocida exbB, exbD and tonB genes is independent even though all of them are regulated by iron. The FURTA analysis, which uses an E. coli Fur þ strain containing a fusion between the fur-regulated fhuF gene and lacZ, is employed to test whether a given promoter is under iron control through the Fur protein [17] . Strongly supporting the data obtained with lacZ fusions, FURTA results were positive for the pGEM plasmid derivatives harbouring an approximately 350-bp upstream fragment of either exbB, exbD or tonB genes ( Table 2) . It has been proposed that the Fur-binding site is, in fact, an array of the NAT(A/T)AT motif or derivatives of this hexanucleotide in either directed or inverted orientations [1] . It is worth noting that a sequence containing this composition is located 42, 59 and 57 bp upstream from the translational starting codon of P. multocida exbB, exbD and tonB genes, respectively.
The presence of independent promoters for the P. multocida exbB, exbD and tonB genes could be necessary to prevent any putative negative e¡ect of overlapping existing Fig. 2 . L-Galactosidase activities of the fusion plasmids containing various potential promoter regions from the exbB exbD tonB cluster fused to the promoterless lacZ reporter gene of the pHRP309 plasmid. Position of primers used to obtain several DNA fragments are marked by arrows. 3DPD and +DPD indicate the absence or the presence of the 2,2P-dipyridyl chelating agent in the culture medium, respectively. All determinations are the means of at least three experiments (each in triplicate), and a single standard error of any value was never greater than 10%. between their coding regions over either their translational or transcriptional processes. The existence of secondary promoters upstream from internal open reading frames of polycistronic transcriptional units (i.e., the S. typhimurium and E. coli his operons) presenting overlapping regions between them has also been reported [22] . Additionally, some of these internal promoters are under the same environmental control as the primary promoter [22] . Likewise, a polycistronic mRNA containing all open reading frames belonging to the his operon has also been detected in S. typhimurium [22] . On the other hand, our data clearly indicate that a single mRNA containing exbB exbD and tonB genes does not exist in P. multocida (Fig. 1B) .
Role of exbB, exbD and tonB in P. multocida virulence
Virulence of tonB mutants is lower than that of wildtype cells in several bacterial species. In all of these cases, virulence has been studied in strains exclusively containing a mutagenised tonB gene. However, the putative relative importance of each of the proteins constituting the ExbBÊ xbD^TonB complex in virulence has not been individually analysed so far. The fact that transcription of P. multocida exbB exbD tonB genes is independent enables us to determine if the loss of only one of their products a¡ects the virulence of this organism.
Mutants in either the exbB, exbD or tonB transcriptional units were constructed by the insertion of a pUA826 derivative containing an internal region of its corresponding gene. The inactivation of each of these three genes was con¢rmed by PCR ampli¢cation of the junction segment of the vector with the chromosomal DNA using an internal primer for each gene and the Aad plasmid primer (data not shown). In agreement with data presented in Fig. 1B , insertion of the suicide vector in one given gene eliminates its corresponding mRNA (Fig. 3, lanes 2, 9 and 16 ) without transcription of the other two genes being a¡ected (Fig. 3, lanes 3, 4, 8, 10, 14 and 15) . Furthermore, these transcripts do not arise from a hypothetical promoter present in the vector because no ampli¢cation bands were obtained when RT-PCR experiments were performed using the Aad plasmid primer and the speci¢c one for each gene as upper and lower primers, respectively (data not shown).
The stability of the integrated constructions for the three mutants (ExbB 3 , ExbD 3 , and TonB 3 ) was afterwards examined by serial transfers (1000-fold dilution) in BHI medium lacking antibiotics. After 10 sequential transfers, 100 colonies for each mutant were analysed, and all of them retained both ampicillin resistance and PCR pro¢les corresponding to the suicide plasmid insertion (data not shown). These results clearly indicate that all three mutants were stable in the absence of selective pressure. Such as has been described for tonB defective strains of other bacterial species [4] , ExbB, ExbD and TonB mutants of P. multocida showed poor growth in both BHI plates and liquid medium in the presence of the DPD chelating agent, which was fully recovered when either FeSO 4 (200 WM) or haemoglobin (40 WM) was added (data not shown). Table 3 points out that all three mutants present a decrease in their virulence to increase their LD 50 by more than three orders of magnitude when intraperitoneally inoculated. These results indicate that all three components of the ExbB ExbD TonB complex are equally required to support the infectious process of P. multocida cells.
In summary, it is herein shown that P. multocida exbB, exbD and tonB genes can be transcribed independently and do not constitute a polycistronic operon, besides the fact that each of them is required for virulence in this bacterial species. This is the ¢rst linked exbB exbD tonB system for which this independent expression pattern has been unequivocally demonstrated. 
